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SUMMARY
The methods of modern warfare have crested an urgent
demand for oxygen producing equipment which ie light and
portable, as well as simple and reliable in operetion. This
need by the armed forces led to the consideration of oxygen
production by means of chemicel absorbents which remove

oxygen from the air. This study desls with & phase of the

development of such absorbent type oxygen producing units.
The particular problem considered here is that of ob-

taining surficiént basic data on the behavior of the ab-

sorbent to enable preliminary design of oxygen unite. Only |

two compounds are discuesed: (1) ethomine, on which most

of the experimental work was done snd which compound was
the basls for most of the units designed; (2) fluomine,
a new compound which proves to be better th;n ethomine in
every way. Both compounds are derivetives of the organic
chelate salcomine, cobalt salicylaldehyde ethylenediamine.
Because of the very immediate need for design dats, con-

sidersble engineering absorption and desorption experiments
were made, 1.e., determinstions were mede of the rate of
absorption of oxygen from air passed through a bed of
ethomine (an arbitrarily chosen 1/2" jacketed copper tube)
and the rate of evolution of thie oxygen upon heating the

' bed. However, to search out the mechaniem of the resction,
more basic data were also obtalned. Thie consisted of equi-

1ibrium studies and rate studies using pure oxygen rather

CONFIDENTIAL
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Analysis of these basic experimentes on ethomine revealed

that from O to 90 per cent of saturation the rate of oxygen
absorption was directly proportional to the frasction of
deoxygenated ethomine present; that is, the reaction was
first order with respect to deoxygenated ethomine. The
function of pressure was best correlated aspl.b although

no theoretical reason for the 1.5 power could be found. The

relation between the specific reaction rate constant and

temperature could not be successfully determined from

theoretical studies and recourse to sn empirical expression

| was made.
i ' The rg}e of reaction of ethomine and oxygen in the ‘
range -10° to 60°C and O to 1000 mm. Hg oxygen pertial

pressure can be approximated as fgllow':
ax/ae .[4,9 (204, "2-2(207°) (t-20) ]pl.b 2

where I
x = weight per cent oxygen absorbed I
g= O g 4 " at saturation !
t =°

P = oxygen partial pressure in mm. Hg {
© = time in minutes
Although the ethomine-oxygen system is¢ not a true
monoveriant heterogeneous system (the equilibrium vapor
pressure 1is a runct;on of both tempersture and composition), f
its general properties are comparable to such a monovsriant
system as CaCO3-Ca0-C0,.
Differential equations were set up for the absorption

of oxygen from ailr by ethomine in an 1sothermel bed, assuming

CONFIDENTIAL
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the chemical rate of reaction to be controlling. These were :
solved by the calculation of finite increments in s stepwise
procedure and the solﬁtion put into graphical form. This |
solution checked the experimental data very well over s wide
range of conditions.
The desorption process 18 controlled by the heat flow

to the compound rether then the chemicsl rate of desorption.

An adaptation of the grarhical Schmidt method wee applied
as an anslytical solution of this problem of heest tranafer
to a bed of desorbing ethomine. Remarkably good checks with
experiment were obtained.

By these methods both absorntion snd desorption data

for a bed of ethomine can be predicted with considerable
accuracy. It 1e.possible, therefore, to make preliminary
{ designs without constant recourse to experimentsl work.
Experimental work on fluomine showed i1t to have the ssme
general properties as ethomine. The optimum absorption ' i
'temperature and the equilibrium desorption tempersture were I
approximately the same ss those of ethomine but fluomine had
a higher rate of reaction and a higher oxygen capascity (4.2
per cent as comvered to 3.5 for ethomine).
A comparieon was also made of the life chsracteristice
of saloomine, ethomihe, and fluomine when run under ideel i
cyclical conditions as predicted by the most recent theories |
on deterioration. Fluomine showed a life considersbly better
then elther selcomine or ethomine on the bessis of oxygen

E produced. Its rate of deteriorstion wss less than helf that

of ethomine and at 60 per cent deterioretion, 1t hed produced

GONFIDENTIAL
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' Gaseoue oxygen of high purity can be obtained on a com-
sercial scale by the rectification of liquid air, and from
an economic viewpoint, this is the preferred process. How-
ever, modern warfare has placed many varied and special
demands on oxygen supplies. The distributing of oxygen

for general use in distant outposts, supplying oxygen for
shock treatment on the battlefield, and the furnishing of

‘& life sustaining atmosphere for high altitude flying are

problems faced by our armed forces. Because the standard
commercial methods are not easily adaptable to small scale
light weight plants or to intermittent operation, consider-
able interest has been shown in other methods of producing
oxygen.
Certain chelate compounds have the unique property
of forming a loose combination with oxygen which will de-
compose on heating. 8Such a compound makes possible a chemi-
oal system of oxygen production, and an investigation of ite
potentialities was deemed quite worthwhile. Researches
were carried out bath from the chemical standpoint of dis-
covering new compounds and improving methods of making
those already known, and from the engineering standpoint
of developing methods of utilizing the oxygen sbsorbent
and of evaluating the compounds furnished by the chemist.
This investigation was concerned mainly with the
physical-chemical properties of ethomine and fluomine, the

two most promising compounds on a basis of practical
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utilization. The research had a twofold purpose: (1) to
obtain specific data immediately necessary for the design
of large units to utililize the oxygen-producing properties
" of the compounds and (2) to obtain sufficient basic data
to enable the prediction of the behavior of a given compound

with respect to the several variables involved (temperature,

pressure, composition, and time).




WNHWAL 6

III, PHYSICAL - CHEMICAL BACKGROUND

In 1937 Tsumake (13) reported on the oxygen-absorbing
propertiee of a metallic organic compound, cobalt salicylal-
dehyde ethylene_diamine. This compound, now known as sal-
comine, has an oxygen-absorbing ocapacity of 4 per cent of
ite own weight and a rapid rate of absorption and desorp-
tion at temperatures of 20°C and 100°C respectively.

CH= N ~CHy - CHy; - N= CH
(o] Co 0

Salcomine

Calvin (1), Diehl (2), Geiseman (3) and their associates
have investigated a large number of compounds of the same
general chelate form and found only a few that would react
with oxygen reversibly. For the moet part, these are either
derivativee of the parent compound salcomine or of ocobalt
ealicylaldehyde propylenetriamine which was developed by
Calvin. Salcomine and its derivatives differ from the cobalt
salicylaldehyde propylenetriamine and ites derivatives in that
the former sbsorb a half molecule of oxygen per molecule of
chelate and have reasonable absorption rates at atmospherioc
pressure whereas the latter absord one molecule of oxygen
per molecule of chelate but require extremely high oxygen

CH=N=- (CHy)s - NH ~ (CHy)g - N=CH
h—‘°\~‘—%/°"&

pressures.

Cobalt esaliocylaldehyde propylenetriamine

ONFIDENTIA:




Listed below are the ddrivatives of salcomine that were
Anvestigated. A brief summary of properties is given when
these are avalleble.

From the table, 1t appears that the 3-position is espe~
elally important and that the rates of absorption can be
controlled by substitution there. The oxy-group (with the
exception of the 3-F) produces the most active compound.

Also, it 1s at least suggested that as the chain length of

the oxy-group is increased, the absorption rate will increase,

the desorption temperature will rise, and the materisl will
become more hygroscopic.

Since the compounds are chelate in nature and have some
weak and easily shifted bonds, they are subject to chemical
attack and do deteriorate materially with use. This will be
discussed more fully in the section on deterioration. Sal-
comine has what is consildered good life characteristics but
.1l a coqparatively slow absorber. On the other hand, the

3-ethoxy salcomine (called ethomine) has a sufficlently

high absorption rate and can be used in a much more favorable
temperature range but has poorer life characteristics than
the parent compound.

A search for s more stable compound which would have
the same general properties as ethomine yilelded the 3-fluoro -
_salcomine (called fluomine). It not only has better life

cheracteristics than salcomine but a higher absorption rste
and higher seturetion value than ethomine. It is, however,

exceedingly difficult to make and as yet can be produced

only on labora.tory. scale at ve!l'y high cost. camygﬂznnnl .
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Mixed aldehyde compounds have been made which hsve

fpropertlea quite different from those nredicted by con-
"sideration of the separate constituents. Such mixtures, are,
however, not mixed molecules but mixed orystals. Thelr
properties are probably governed to a major extent by this

cryetal structure.
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IV, ETHOMINE

Ethomine, in the oxygensted form, i1s a fine crystalline
black powder while in the deoxygenated form it is a beautiful
orange-browvn. If proper aere ie exercised snd a small per-
centsge of talc added, it can be vreeeced into pellets. The
ethomine ueed in this work was for the most part granulated
pellets, 10-20 mesh with a bulk density of l.1l. Such granules
sre rather soft and tend to powder easily, making the mater-
i1al Adirficult to handle. The heat conductivity of the
granules 1s very low and the transfer of heat into and away
from the materisl becomes one of the major engineering prob-
lems involved. Breathing of the vapors or dust which havg
an odor approaching thet of vanilla causes irritation of the
nasal and throat passages and results in a condition simulat-
ing a cold. For this reason, & respirator should be worn
when handling the meterieal.

The color change from prange—brown to black may be
observed to take plece with only several minutes exposure
to air at room temperature. The commerciel material will
absorb about 3.6 per cent oxygen by weight and initially
should be heated to over 100°C in a vscuum for a short time
to drive off any water thet might hsve been absorbed. Rapid
absorption of oxygen occure over a considerable temperature
range, 0° to 50°C, while evolution of thie oxygen requires

a temperature of 95°C or greater at atmospheric pressure.

TN ey 2 ¢
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4. Method of Attack

In order to obtain a definite pioture of the mechanisa
of oxygen absorption and desorption, and knowledge suffi-
eient to predict the behavior of the absorbent, the follow-
ing basic information was considered necessary:

(1) The rate of oxygen absorption as a function of
temperature, oxygen partial pressure, and composition
(amount of oxygen in combination with absorbent).

(2) The rate of oxygen desorption as a function of
ténperature, oxygen partial pressure, and composition.

(3) The oxygen vapor pressure over the absorbent as

" a function of temperature and composition.

(4) The heat of resction.
(6) The specific heat and density.

In addition X-ray data which would establish the mole-

‘eular structure and indicate phase changes should prove to

be helprul.

From an engineering design standpoint, it is necessary
to know how the compound will act when under conditions of
practical operstion; that 18, when the compound 1s in some

type of contsiner,equipped to remove the heat of reaction

and furnish the heat of desorption,through which air is passed

to furnish oxygen. The information tebulated above should

be sufficient to predict the sction of the compound. However,

to expedite results and to check such predictions, some

engineering data were also considered necessary and were

obtained in a etesndard jJacketed coppur tube, selected somewhat

CONFIDENTIAL
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- arbitrarily as the container. The data collected are

11isted below:
(1) The overall oxygen absorption rate determined at
various Jacket temperatures, air pressures, and alr rates.

(2) The rate of oxygen desorption determined at various

Jacket temveratures and oxygen pressures.




B, Apparatue and Experimental Methods
Basic Absorption Rates

The basic absorption rate data were obtained by meas-
uring the amouht of oxygen required to maintsin the oxygen
pressure constant over a bed of ethomine held at substantially

constant tempersture. From the data of esch experimental

rn, a plot of welght per cent oxygen abesorbed (composition)

versus time could be made. The actual rate of absorption
is the slope of this curve, Hence a series of such runs over
a range of temperatures and pressures gave the rate of ab-
sorption relative to the three variables, temperature, pres-
sure, and composition.

A diagram of the apparatus used 1e given in Figure 1.
It 12 divided into two parts: (1) the reservoir section
consisting of a "vacuum"* and an oxygen reservoir esch with
a manometer, (2) the absorption section consisting of a
powder holder, Sprengel pump, and manometer. By means of
valves, oxygen can be bled into the absorption section
or out of the section into the "vacuum" reservoir.

The powder holder consists of a Jacketed piece
of 3/8" 0.D. brass tubing. Glass wool pluge hold the 5
grams of powder in place. Heat transfer calculations
(Appendix E) show that with reasonable absorption, the
averzsge temperature rise of the powder may be several degrees.
However, the ease of packing and simplicity of conetruction
were advantages which warranted the selection of the present

holder.

*Used to signify an evacuated vessel.

CNSFIOENTIAL
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To prevent blocking of the surface of the compound by
the accumulation of inerts present in emall amounts in the
eylinder oxygen used, a mercury circulation pump wss used
to sweep the oxygen through the powder. Gas flow rates of
80 to 100 cc. per minute were maintained. This flow was
sufficient since runs made with cylinder oxygen and those
made with pure oxygen (better than 99.88%) checked very well,

Jacket temperatures were controlled by use of stesm
for high temperatures, steam and water mixing for temperatures
between 20° and 100°C, and normal butyl alcohol cooled by
dry ice for low temperatures.

The volume of both reservoirs, ihe powder holder, and
the remainder of the abeorption section were accurately
determined. Hence with a knowledge of the pressure in any
section, the volume of gas in it ocould be calculated. These
calculations were somewhat complicated by the fact that the
manometer volume was an appreciable fraction of the total
volume.

In operation, the procedure was as follows: the compound
was desorbed, the tube evacuated and sealed off from the
rest of the system. The Jacket temperature was adjusted
and time allowed for the powder temperature to become constant.
At the same time the absorption system was filled with oxygen
to a pressure such that with the opening of the valves on
the powder holder, the desired pressure was obtained. The
mercury pump was then started, and the valves on the powder
holder were opened — absorption started immediately. The

desired pressure in the system was then maintalned by

ik HEMTIAT
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continuously blecding oxygen into the system from the
reservoir, while readings on the oxygen reservoir mesnometer
were taken at definite time intervale. From these readings
the amount of oxygen absorbed was calculeted.

At the end of a run the system was quickly brought
to atmosrheric rressure and sealed. Then steem was intro-
duced into the Jacket,and the oxygen given off was bled into
the "vacuum" reservoir. The volume obtained here, after
the correction for gas expansion in the powder bed due to
temperature change had been applied, should check the ab-
lorptiop.

sic Desorption Rates

Attempts by other investigators to obtain chemical de-
sorption rate data have all met with fallure. In all csses
the controlling factor in the desorption was not the -
chemical rate of reaction but the ability to furnish the
heat neceseary for the reaction. ' '

S8ince no appsratus was conceived thet represented im-
‘provements over those already tried, no experimental attempt
was made to determine these data difeetly.

e Abs tion Rate

In the design of a unit to produce oxygen from air,
the powder holder represents one of the main problems. Its
design will depend on the method of hrating and cooling
(air, water, steam, etc.), heat transfer to the powder
neceseary to limit the temperature rise during sbsorction

and to give a reasoneble desorption time, cycle length and

balence, life characteristics of the compound, etc. Becsause
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bt the many considerations involved, a powder holder was
rather arbitrarily selected for use in evaluating the
compound from an engineering standpoint and in obtaining
the initial design data.

A 1/2" jJacketed copper tube was used and is shown in
Figure 3. Thie tube was generally filled with 42.5 grams
of oxygenated compound which gave a bed depth of about 50
om. Buch a tube, heated by steam and cooled with water
or other 1liquid, had heat transefer characteristics suffi-
olently good to allow cycles of reasonable length and good
balance of absorption and desorption times. This holdef
was easilly constructed and inocorporated into apparatul;
quite strong and quite easy to load and unload.

Absorption obtained by passihg air through a bed of
powder Aiffers from the absorption obtained in the basio
absorption rate experiments because the oxygen partial
pressure varies through the bed depth, and absorption 1is,
therefore, a function of air flow rate and bed depth as
well as temperature, total pressure, and composition.

These data were obtained by two different methods.

The first consisted of passing air through the bed of
compound and after a definite time interval, desorbing the
compound to determine the amount of oxygen absorption.
The second method utilized a Pauling oxygen meter to ana-
lpse the exit air. From this analysis the oxygen removed
could be calculated. _With the first method each run gave
a point on the absorption versus time curve whereas the

second method gave the complete curve in one run. For this

CONFIDENTIAL
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reason the second method was preferred if it proved suf-
ficiently accurate.

The Pauling meter does not respond immediately but has
a definite lag —-- an accurate analysis of the character-
istiocs of the meter are given in Appendix F. In a series
of tests it was found that assumption of a 10 second lag
throughout gave very good results. The greatest difficulty
was, of course, encountered at the beginning of the run
where the concentration changes are lsrge. By checking
the calculations againet a desorption at the end of the
™n, any dlfrorencefwas assumed to be due to inaccurate
measurements at the initial part of the run. In thie way

the Pauling meter calculations were corrected to check the

desorption. This correction wae usually quite emall.

For prﬁctical engineering data the advantage of ths
rapid and continuous Pauling meter method far outweighed
the greater accuracy and reliability of the so termed point
method. Checks between the two methodes were usually bettsr
than 8§ per cent.

It should be pointed out that in both methods the exit
gas flov wae held constant by bleeding through a throttling
valve eince thies gave greater ease of control and greatly
simplified the oxygen material balances. This means, how-
ever, that alr flow through the bed was not constant; the
greater absorption at first will cause a greater flow. Cor-
rection to constant air flow would make only slight changes
in results; moreover, constant exit conditions are more

1likely to be met in actual units which makes the data
obtained all the more appropriate,




CONFINENTIAL o,

A diagrsm of the apparatus used is given in Figure 4.
Essentially it consisted of a tube through which air was
passed. The pressure was maintained by a pressure regulator,
and the air was throttled to approximately atmospherio
pressure at the top of the tube. It then passed through
a capillary flow meter, Pauling oxygen meter, and wet test
meter. Connected to the tube was a "vacuum" reservoir used
in measuring the oxygen evolved upon desorption.

The procedure of operation was simple but required
rapid handling and adjustment of valves. The tube of com=- -
pound, initially in the desorbed state, was evacuated with
the Jacket fluid at the temperature required. The pressure
regulator was adjusted to the correct pressure and upon
starting, the valve at the bottom of the tube was opened
and the throttling valve at the top adjusted for the re-
quired flow according to the capillary flovw meter. Read-
ings on both the Pauling meter and the wet test meter were
taken initially and at definite time intervals. At the
end of a run, the air supply was cut off and the tube brought
quickly to atmospheric pressure, the manometer and first
valve to the reservoir opened, and the tube sealed off.

The compound was then heated with steam in the Jacket and
the evolved oxygen bled into the "vacuum" reservoir through
-the sensitive needle valve on that system, maintaining at-

mospheric pressure in the tube.

It should be noted that any oxygen absorbed after the

end of the run will upon desorption return the tube aystem

exactly to atmoepheric pressure and not be drawn into the

GONFIDENTIAL
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Fizure 5
Absorption Rate Apparatus
Using Pauling Meter
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fyacuum’ reservoir. Also at the beginning of the desorp~
tion, there is air in the powder bed, and the oxygen pres-
sure is not one atmosphere. However, with the evolution
of oxygen, this air 1s swept out and an atmosphere of com-
paratively pure oxygen ie maintained sround the grenules.

Bogineering Desorption Rates

All observations in this leboratory indicate that

the rate at which oxygen is evolved from ethomine or other
1like compounds is governed only by the rate with which

heat may be supplied. This may or may not be true but will
certainly apply to compounds in any practical powder holder.

No exact method of calculating such heat transfer has been

developed, and approximate methode sre not very applicable.
Hence actual laboratory tests were the easlest method of
obtaining these most important engineering data.

The apparatus used was that described in the previous
seotion, Figure 4. The compound was satursted with oxygen,
using cylinder oxygen rather than air. It wes held at
Jacket temperature long enough (5 to 10 minutes) to insure
uniformity of powder temperature and then the jacket was:
quickly raised to the arbitrarily selected desorption tem-
perature. The oxygen evolved was continually bled off
into the reservoir maintq}nlng the proper pressure in the
tube system. Readings were made on the reservoir manometer
at definite intervals. At low desorption preesures (below
1 atmosphere) the capacity of one reservoir wes not suffi-
clent to handle all the oxygen, hence two were used. The
two had practically the same volume and could be used inter-

ohapgeably.




Some vapor pressure data have been reported by Calvin (1).
He found that the approach to equilibrium was extremely
slow, and that times of three weeks to a month were required
for a single reading. With the hope of avoiding such time-~

consuming methods, an attempt was made to obtain some ap-

proximate equilibrium data in a much simpler menner.

The data obtained were that of the relationship of
composition to tempersture at constant vapor pressure. If
ocurves uefe obtained for several pressures, the usual

constant temperature vapor pressure curves could be ap-

proximated by interpolation. Moreover, these constant pres-
sure curves were of considerable interest since they rep-~-
resent the equilibrium desorption temperature.

By raising the temperature of the compound very slowly
auring a oonétant pressure desorption and observing the
.oxygen evolved at each new temperature, a plot of composi-
tion versus temperature was obtained. By allowing suffi-
cient time for complete desorption at any one temperature,
equilibrium should be closely approximated. This was par-
tially substantiated by the fact that with a shift in tem-
perature of only one or two degrees, a change to absorption

oocurred.
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C. Experimental Data
Bagic Absorption Rate Data

Ethomine especislly prepsred from C.P. chemicals by
Rumford Chemical Company wae used for all these sbsorption
experiments -~ in sll other experimental work except life
tests, commercial ethomine also prepared by Rumford Chemical
Company was used.

A summary of the series of absorption runs made is given
below. The different preesures (mm. Hg) used at any one
temperature are iisted in the column headed by that snecific

tenrerature.
ABLE I

go°

40 40 40 40
80 80 80 80 ———
1680 160 160 160 160
320 320 320 320 320 320 320
640 640 640 640 640 640 640 640
The results sre all of the same general cheracter except
for the appeerance of an "induction" period at conditions
of low pressure and high temperature. Curves of absorption
versus time are given for runs at 20° and 50°C in Figures.
6 and 7. The initisl period of accelersting rate or "in-
duction" period is quite noticeable in the letter.
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